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Document Revision No. 0 


Document Revision Date: January 2023 


Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: CORRECTIVE ACTION  


File: Location of All Penetrations in AoR 


No wells in the delineated AoR have been determined to require corrective action. Therefore, 


this section is not applicable. 


This document is being submitted to satisfy the GSDT portal. 
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Document Revision Date: January 2023
Project Blue Site


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION 


PLAN GSDT TAB: OPERATIONAL INFORMATION


File: Fracture Gradient and MISP Determination file


Details on the decription of the fracture gradient and determination of maximum 


surface injection pressure (MSIP) is contained in “Section 3.9 – Fracture Gradient” in 


the “Area of Review and Corrective Action Plan” technical report.


This document is being submitted to satisfy the GSDT portal. 
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Document Revision Date: Janaury 2023
Project Blue Site


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Describing how Porosity was determined and assigned in the model 


Porosity details regarding the  determination of values and assignment of values to the model are 


contained in:


“Section 3.2 – Porosity” and as part of Appendix 5 of the “Area of Review and Corrective Action Plan” 


technical report. 


Please note: values assigned in the simulation model have been upscaled from the static model.


This document is being submitted to satisfy the GSDT portal. 
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Document Revision Date: January 2023 


Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: OVERVIEW 


File: Additional AoR Delineation File 


The State of Arkansas does not have primacy at the time of submittal. No additional information 


is required as part of the Class VI Permit Application for the State of Arkansas. This document 


has been submitted to satisfy the requirements of the EPA GSDT portal. 
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Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: MODEL DOMAIN 


File: Eclipse Keyword File 


The Eclipse Keyword Files for the Static Model and the Dynamic Model have been uploaded 


via an alternative means (i.e. Sharepoint) due to file submission size limits on the GSDT 


portal. 


This form is being submitted to satisfy the GSDT portal requirements. 
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Document Revision Date: January 2023 


Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: MODEL OUTPUT 


File: Surface Flux Files 


Flux Files are not applicable for this permit application. 


This document has been submitted to satisfy the requirements of the EPA GSDT portal. 
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Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION 


PLAN GSDT TAB: OPERATIONAL INFORMATION


File: Fracture Gradient and MISP Determination file


Details on the decription of the fracture gradient and determination of maximum 


surface injection pressure (MSIP) is contained in “Section 3.9 – Fracture Gradient” in 


the “Area of Review and Corrective Action Plan” technical report.


This document is being submitted to satisfy the GSDT portal. 
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MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Image Files for Porosity


Image files for Porosity are presented in Figures 10 thru 16  and Appendix 5 in the "Area of 


Review and Corrective Action Plan" technical report. 


This document is being submitted to satisfy the GSDT portal. 
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Document Revision Date: January 2023 


Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-LA-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: CORRECTIVE ACTION  


File: Location of All Penetrations in AoR 


Supporting well records for all wells in the delineated AoR are contained in Appendix 10 to 


the “Area of Review and Corrective Action Plan” technical report.  


This document is being submitted to satisfy the GSDT portal. 








Revision Number: 0 
    Revision Date: January 2023 


        Module B – AoR and CA Plan  


GSDT Figures Area of Review and Corrective Action Plan Project Blue CCS 
Site Class VI Permit Number: R06-AR-0001 


Figure 1: Aerial view of Skeleton Grid and associated Nodes from AoR Modeling Domain Coordinate Template 







Revision Number: 0 
    Revision Date: January 2023 


        Module B – AoR and CA Plan  


GSDT Figures Area of Review and Corrective Action Plan Project Blue CCS 
Site Class VI Permit Number: R06-AR-0001 


Figure 2: 3D viewer of Skeleton Grid and associated Nodes from AoR Modeling Domain Coordinate Template 
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MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION 


PLAN GSDT TAB: OPERATIONAL INFORMATION


File: Fracture Gradient and MISP Determination file


Details on the decription of the fracture gradient and determination of maximum 


surface injection pressure (MSIP) is contained in “Section 3.9 – Fracture Gradient” in 


the “Area of Review and Corrective Action Plan” technical report.


This document is being submitted to satisfy the GSDT portal. 
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Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: MODEL OUTPUT 


File: Sensitivity Analysis 


A sensitivity analysis has not performed as part of this initial permit application. A study may be 


performed at a future date. Therefore, this section is not applicable for this submission. 


This document has been submitted to satisfy the requirements of the EPA GSDT portal. 
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Reports and Supporting Well Documentation Attachments 
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MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Describing how Permeability was determined and assigned in the model


Porosity details regarding the  determination of values and assignment of values to the model are 


contained in:


“Section 3.3 – Permeability” and as part of Appendix 6 of the “Area of Review and Corrective Action 


Plan” technical report. 


This document is being submitted to satisfy the GSDT portal. 
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Reports and Supporting Well Documentation Attachments 
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MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Image Files for Permeability


Image files for Permeability are presented in Appendix 6 to the "Area of Review and Corrective 


Action Plan" technical report. 


This document is being submitted to satisfy the GSDT portal. 
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Document Revision Date: January 2023 


Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Rock Type Selection and Assignment 


Details regarding the Rock Type analysis, selections, and images files are contained in the 


following location. 


“Section 3.1 – Shale Volume” and as part of Appendix 4 of the “Area of Review and Corrective 


Action Plan” technical report. 


This document is being submitted to satisfy the GSDT portal. 
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Project Blue Site 


Reports and Supporting Well Documentation Attachments 


Class VI Permit Number:R06-AR-0001 Page 1 of 1 


MODULE B – AREA OF REVIEW AND CORRECTIVE ACTION PLAN 


GSDT TAB: ROCK PROPERTIES 


File: Image Files 


Details regarding the Rock Type analysis, selections, and images files are contained in the 


following location. 


“Section 3.1 – Shale Volume” and as part of Appendix 4 of the “Area of Review and Corrective 


Action Plan” technical report. 


This document is being submitted to satisfy the GSDT portal. 












 


Class VI UIC Area of Review and Corrective Action 


This submission is for: 


      Project ID:    R06-AR-0001  


      Project Name:    Blue  


      Current Project Phase:    Pre-Injection Prior to Construction  


 


Overview 


Simulator Used for AoR delineation modeling: Eclipse 


Version Used: 2019.3 


Simulator Description/Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-


15-2023-1713/1.--Simulation--Manual.pdf 


Total Simulation Time From Start of Injection: 70 yrs 


Additional AoR Delineation Information: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-


02-15-2023-1713/2.--Primacy--AoR_Rev0_Jan2023.pdf 


 


Model Domain 


Coordinate System: State Plane 


      Horizontal Datum: NAD27 


      Coordinate System Units: ft 


      Vertical Datum: Mean Sea Level 


      Describe Vertical Datum: mean sea level 


      Zone: Arkansas State Planes South 


      FIPSZONE: 302   ADSZONE: 3251 


Mesh Type: Hexahedral Cartesian 


Domain Size in Global Units Specified Above 


      Hexahedral Cartesian  


      Domain Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-


1713/1--Model--Domain--Coord--Template_Rev0_Jan2023.xlsx 


      Angle of Inclination in X Direction: 0.006471   Dips in the Direction of: decreasing x 


      Angle of Inclination in Y Direction: 0.011836   Dips in the Direction of: decreasing y 


Grid Size 


      Number of Nodes in    x: 57   y: 57   z: 1318 


Grid Spacing: Variable 


Grid File Format: Eclipse Keyword File 


      Grid File Description: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-


1713/2--Grid--File--Description.pdf 


      Eclipse Keyword File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-


1713/3--Eclipse--Keyword--File.pdf 


Faults Modeled: No 


Caprock Modeled: Yes 


Image File(s) for Model Domain Grid: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-


15-2023-1713/4--Model--Domain--Grids.pdf 


Model Domain Comments: Info provided inthe page of the portal is from the Petrel Static Model Build. Please note: theat the mesh in the dynamic model is upscaled in the X


and Y deirection and is dicussed in Section 2.2 of the Technical Report. Please note: inclinations are from top of model, higher inclinations are at the base 


 


Processes Modeled by Simulator 


Reservoir Conditions: 


Supercritical CO2 Conditions 


Phases Modeled: 


Aqueous   Supercritical CO2 


Aqueous Phase: 


      Phase Compressibility: Compressible 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Simulation--Manual.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Simulation--Manual.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Primacy--AoR_Rev0_Jan2023.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Primacy--AoR_Rev0_Jan2023.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1--Model--Domain--Coord--Template_Rev0_Jan2023.xlsx

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1--Model--Domain--Coord--Template_Rev0_Jan2023.xlsx

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2--Grid--File--Description.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2--Grid--File--Description.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3--Eclipse--Keyword--File.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3--Eclipse--Keyword--File.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/4--Model--Domain--Grids.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/4--Model--Domain--Grids.pdf





             Compressibility Value: 0.000002 1/psi 


      Phase Composition: Non-Compositional 


Supercritical CO2 Phase: 


      Phase Compressibility: Compressible 


      Phase Composition: Non-Compositional 


Equation of State Description Including Reference: Peng-Robingson EOS 


      File with EOS Reference or Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.--Peng---Robinson--EOS--1978.pdf 


Multifluid Flow Processes: 


Advection   Buoyancy 


Mixed Wettability   Pore Compressibility   Others: Dissolution of CO2, Brine and CO2 Compressibility, CO2-brine relative permeabilities, CO2-Brine Capillary Pressures 


Thermal Conditions: Isothermal 


      Heat Transport Processes: 


Geochemistry Modeled: No 


Geomechanical/Structural Deformations Modeled: No 


Modeled Processes Comments: Each reservoir is simulted independently. Each layer has an isothermal condition set. 


 


Rock Properties and Constitutive Relationships 


Porosity/Permeability Model 


Single Porosity 


Porosity Distribution: Heterogeneous 


Porosity included in Eclipse Keyword File: No 


      Spatially Variable Porosity File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-


2023-1713/Spatial--Variable--File_Porosity.zip 


      File Describing how Porosity was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-


0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Porosity--Determination--Assignment.pdf 


          Image Files for Porosity Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/3.--Porosity--Image--Files.pdf 


Permeability Distribution: Heterogeneous 


Permeability included in Eclipse Keyword File: No 


      Spatially Variable Permeability File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-


02-15-2023-1713/Spatial--Variable--File_Permeability.zip  mD 


      File Describing how Permeability was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-


AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/5.--Porosity--Determination--Assignment.pdf 


          Image Files for Permeability Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/6.--Permeability--Image--Files.pdf 


      Number of Rock Types Modeled: 2 


          Description of Rock Type Selection and Assignment: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/7.--Rock--Type--Selection--and--Assignment.pdf 


          Rock Type Distribution Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-


02-15-2023-1713/Rock--Type--Data--Distribution.zip 


          Image Files for Rock Type Distribution: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/9.--Rock--Type--Image--Files.pdf 


        Rock Type #1 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Spatially Variable 


                Compressibility included in Eclipse Keyword File: Yes 


                Compressibility Variable Name in Eclipse Keyword File: ROCK 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-


0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.1--Capillary--Tables.zip 


                Aqueous Trapped Gas Modeled: Yes 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Peng---Robinson--EOS--1978.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Peng---Robinson--EOS--1978.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Spatial--Variable--File_Porosity.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Spatial--Variable--File_Porosity.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Porosity--Determination--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Porosity--Determination--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3.--Porosity--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3.--Porosity--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Spatial--Variable--File_Permeability.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Spatial--Variable--File_Permeability.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/5.--Porosity--Determination--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/5.--Porosity--Determination--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/6.--Permeability--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/6.--Permeability--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/7.--Rock--Type--Selection--and--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/7.--Rock--Type--Selection--and--Assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Rock--Type--Data--Distribution.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/Rock--Type--Data--Distribution.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/9.--Rock--Type--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/9.--Rock--Type--Image--Files.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.1--Capillary--Tables.zip

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.1--Capillary--Tables.zip





                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.2--Aqueous--Rel--Perm--Tables.zip 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.3--Gas--Rel--Perm--Tables.zip 


                Hysteresis other than non-wetting fluid trapping: No 


                Porosity and Permeability Reduction Due to Salt Precipitation 


        Rock Type #2 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Spatially Variable 


                Compressibility included in Eclipse Keyword File: Yes 


                Compressibility Variable Name in Eclipse Keyword File: ROCK 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-


0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.1--Capillary--Tables.zip 


                Aqueous Trapped Gas Modeled: Yes 


                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/2.2--Aqueous--Rel--Perm--Tables.zip 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/2.3--Gas--Rel--Perm--Tables.zip 


                Hysteresis other than non-wetting fluid trapping: No 


                Porosity and Permeability Reduction Due to Salt Precipitation 


Rock Properties Comments: Rock Type 1 - Sand Rock Type 2 - Shale 


 


Boundary Conditions 


      Attach Boundary Conditions Description File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.--Boundary--Conditions.pdf 


 


Initial Conditions 


Initial Phases in Domain:    Aqueous 


Initial Aqueous Pressure: Spatially Variable 


      Spatially Variable Initial Aqueous Pressure File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.--Spatial--Variable--intial--AQ--Pressures.pdf 


Initial Temperature: Spatially Constant 


      Initial Temperature: 134 F 


Initial Salinity: Spatially Constant 


      Initial Salinity: 170057 ppm 


Initial Condition Comments: Please note; we have simulated 4 interval independent of each other. The selected fields above apply for each reservoir on its own. i.e. each


interval is initialized with it's own Temperature and Salinity. More details are provided in Section 3.7 or the technical report. Values are represented in the techncial report


Temperature - Lower Hosston : 134F and for Cotton Valley 144F Salinity - Lower Hosston : 170,057 ppm and for Cotton Valley 209,004 ppm 


 


Operational Information 


Number of Injection Wells: 4 


        Injection Well #1 


                Well Direction: Vertical 
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                      Location: X: 1788569.024 Longitude (DD)   Y: 217408.996 Latitude (DD) 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 0.625 ft 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: 4030   Elevation of Bottom of Screened Interval: 4322 ft 


                Mass Rate of Injection: 0.5 MMT/yr 


                Total Mass of Injection: 2.5 MMT 


                Fracture Gradient: 0.726  psi/ft 


                      Maximum Injection Pressure: 2634 psi   Elevation Corresponding to Pressure: 4322 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Fracture--


Gradient_Lower--Hosston.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2040   Stop Date: 12/31/2045 


        Injection Well #2 


                Well Direction: Vertical 


                      Location: X: 1788569.024 Longitude (DD)   Y: 217408.996 Latitude (DD) 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 0.625 ft 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: 4853   Elevation of Bottom of Screened Interval: 5399 ft 


                Mass Rate of Injection: 0.5 MMT/yr 


                Total Mass of Injection: 2.5 MMT 


                Fracture Gradient: 0.753  psi/ft 


                      Maximum Injection Pressure: 3288 psi   Elevation Corresponding to Pressure: 5314 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/2.--Fracture--


Gradient_CV3.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2035   Stop Date: 12/31/2040 


        Injection Well #3 


                Well Direction: Vertical 


                      Location: X: 1788569.024 Longitude (DD)   Y: 217408.996 Latitude (DD) 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 0.625 ft 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: 5400   Elevation of Bottom of Screened Interval: 5839 ft 


                Mass Rate of Injection: 0.5 MMT/yr 


                Total Mass of Injection: 2.5 MMT 


                Fracture Gradient: 0.769  psi/ft 


                      Maximum Injection Pressure: 3737 psi   Elevation Corresponding to Pressure: 5713 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3.--Fracture--


Gradient_CV2.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2030   Stop Date: 12/31/2035 


        Injection Well #4 


                Well Direction: Vertical 


                      Location: X: 1788569.024 Longitude (DD)   Y: 217408.996 Latitude (DD) 


                Wellbore Diameter: Constant 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Fracture--Gradient_Lower--Hosston.pdf
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                Wellbore Diameter: 0.625 ft 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: 5841   Elevation of Bottom of Screened Interval: 6200 ft 


                Mass Rate of Injection: 0.5 MMT/yr 


                Total Mass of Injection: 2.5 MMT 


                Fracture Gradient: 0.769  psi/ft 


                      Maximum Injection Pressure: 4042 psi   Elevation Corresponding to Pressure: 6112 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/4.--Fracture--


Gradient_CV1.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2025   Stop Date: 12/31/2030 


Number of Production/Withdrawal Wells: 0 


Operational Information Comments: Please Note: only one well will be used at the Project Blue site in a "stacked reservoir" system design. Four total intervals will are modeled


for a period of 5-years. Due to the limitations of the GSDT tool, we have selected 4 wells to account for the 4 intervals. The wells have been inputted with the same Location X


and Y positions. Well inputs correspond the the below identifiation Injection Well No. 1 - Lower Hosston Injection Well No. 2 - Cotton Valley 3 Injection Well No. 3 - Cotton


Valley 2 Injection Well No. 4 - Cotton Valley 1 


 


Model Output/Results 


      Provide file name and corresponding spatial location for each file: Appendix 7 plume time series maps Appendix 8 pressure time series maps 


      Time-Series File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.-


-Time--Series.pdf 


      Provide file name and corresponding variable and time stamp for each file: ASCII Files for properties. In order to read the Eclipse ASCII files, one will need to upload the


dynamic model grid as a first step. End of Injection 2030 (CV1), 2035 (CV2), 2040 (CV3), 2045 (Lower Hosston) End of Observation: 2095 (all intvervals) 


      Snapshot File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-


1713/Snapshot--Files.zip 


      Provide file name and corresponding description of surface for each file: Not Applicable 


      Surface Flux File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/3.-


-Flux--Files.pdf 


      Sensitivity Analysis Description/Results: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/4.--Sensitivity.pdf 


 


AoR Pressure Front Delineation 


Lowermost USDW: 


      Name of Lowermost USDW: Wilcox Formation 


      Water Density: 0 gm/cm^3   at Elevation: 0 ft 


             Location of Measurement for Density: TBD - During Well Construction 


      Temperature: 0 F   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Pressure: 0 psi   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Salinity: 0 ppm   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Elevation of bottom of USDW: 0 ft 


Injection Zone: 


      Name of Injection Zone: TBD - During Well Construction 


      Water Density: 0 gm/cm^3   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Temperature: 0 F   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Pressure: 0 psi   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/4.--Fracture--Gradient_CV1.pdf
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      Salinity: 0 ppm   at Elevation: 0 ft 


             Location of Measurement: TBD - During Well Construction 


      Elevation of top of Injection Zone: 0 m 


Method of Estimating Critical Pressure: Other 


      File Describing Critical Pressure Estimation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/1.--AoR--Determination.pdf 


      Estimated Critical Pressure: 0 psi 


Delineated AoR: 


      Shapefile or KML File Showing Delineated AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/AOR_buffer_1mi_CV1_AOR_Zero_Bndry_n27spARS_ft_v2022_1222.zip 


AoR Pressure Front Delineation Comments: A one mile buffer has been added the largest CV1 max plume extent. 


 


Corrective Action 


      File with Location of All Penetrations within AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/APs--in--AOR.zip 


      File with Location of Wells Requiring Corrective Action: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/2.--Corrective--Action--Wells.pdf 


      Supporting Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-PreConstruction/AoRModeling-02-15-


2023-1713/3.--Well--Records.pdf 


 


Area of Review and Corrective Action Plan [40 CFR 146.82(a)(13) and 146.84(b) or applicable state
requirements] 


      Are you making an Area of Review and Corrective Action Plan submission at this time?: Yes 


Reason for Project Plan Submission: Permit application submission 


Project Plan Upload 


      Attach the Area of Review and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-0001/Phase1-


PreConstruction/AoRModeling-02-15-2023-1713/Mod--B-----AOR--CA--Plan.zip 


Appendices and Supporting Materials Upload 


      Attach Any Supporting Documentation for the AoR and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-AR-


0001/Phase1-PreConstruction/AoRModeling-02-15-2023-1713/1.--Addtional--Info--AOR--CA--Plan.pdf 


 


Area of Review Reevaluation [40 CFR 146.84(e) or applicable state requirements] 


      Minimum fixed frequency of AoR reevaluation: 5 Years 


      Are you making an Area of Review reevaluation submission at this time?: No 


Reevaluation Background 


Reevaluation Materials 


          Please upload your amended AoR and Corrective Action Plan on the previous tab. 


 


Complete Submission 


Authorized submission made by: Rajiv Manhas 


Comments regarding this submission: no comment 


For confirmation a read-only copy of your submission will be emailed to:    skonings@lapisenergy.com 
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Domain Coordinate TEMPLATE

				CLASS VI AOR DOMAIN COORDINATES



				Instructions:
Please complete the applicable highlighted fields  below and submit the updated version of the file via the GSDT. Provide the domain coordinates of your model domain based on one of the following examples (or in another appropriate format based on your mesh type) to define the area used in your model. 











				Project Name:		Lapis Energy- Project Blue



				Date:		Jan-23



				Example 1 - Hexahedral Cartesian Mesh 

				If a hexahedral Cartesian mesh type is selected, it is recommended that you provide the x,y,z coordinates for each corner of the domain as shown below.



				Node		X-coordinate		Y- coordinate		Z-coordinate

				(0,0,0)		1759700		183250		-7484

				(Nx,0,0)		1827200		195250		-6376

				(0,Ny,0)		1760700		247750		-5636

				(Nx,Ny,0)		1827200		250750		-4964

				(0,0,Nz)		1759700		183250		-3004

				(Nx,0,Nz)		1827200		195250		-2748

				(0,Ny,Nz)		1760700		247750		-2570

				(Nx,Ny,Nz)		1827200		250750		-2734
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A New Two-Constant Equation of State


Ding-Yu Peng and Donald B. Robinson*


Department of Chemical Engineering, University of Alberta, Edmonton, Alberta, Canada


The development of a new two-constant equation of state in which the attractive pressure term of the semiem-
pirical van der Waals equation has been modified is outlined. Examples of the use of the equation for predicting
the vapor pressure and volumetric behavior of single-component systems, and the phase behavior and volu-
metric behavior of binary, ternary, and multicomponent systems are given. The proposed equation combines
simplicity and accuracy. It performs as well as or better than the Soave-Redlich-Kwong equation in all cases
tested and shows its greatest advantages in the prediction of liquid phase densities.


Introduction
Ever since the appearance of the van der Waals equation


in 1873 (van der Waals, 1873), many authors have proposed
variations in the semiempirical relationship. One of the
most successful modifications was that made by Redlich
and Kwong (1949). Since that time, numerous modified Re-
dlich-Kwong (RK) equations have been proposed (Redlich
and Dunlop, 1963; Chueh and Prausnitz, 1967; Wilson,
1969; Zudkvitch and Joffe, 1970; and others). Some have
introduced deviation functions to fit pure substance PVT
data while others have improved the equation’s capability
for vapor-liquid equilibrium (VLE) predictions. A review
of some of the modified RK equations has been presented
(Tsonopoulos and Prausnitz, 1969). One of the more recent
modifications of the RK equation is that proposed by
Soave (1972). The Soave-Redlich-Kwong (SRK) equation
has rapidly gained acceptance by the hydrocarbon process-
ing industry because of the relative simplicity of the equa-
tion itself as compared with the more complicated BWRS
equation (Starling and Powers, 1970; Lin et al., 1972) and
because of its capability for generating reasonably accurate
equilibrium ratios in VLE calculations.


However, there still are some shortcomings which the
SRK equation and the original RK equation have in com-
mon. The most evident is the failure to generate satisfacto-
ry density values for the liquid even though the calculated
vapor densities are generally acceptable. This fact is illus-
trated in Figure 1 which shows the comparison of the spe-
cific volumes of n-butane in its saturated states. The litera-
ture values used for the comparison were taken from Star-
ling (1973). It can be seen that the SRK equation always
predicts specific volumes for the liquid which are greater
than the literature values and the deviation increases from
about 7% at reduced temperatures below 0.65 to about 27%
when the critical point is approached. Similar results have
been obtained for other hydrocarbons larger than methane.
For small molecules like nitrogen and methane the devia-
tions are smaller.


Although one cannot expect a two-constant equation of
state to give reliable predictions for all of the thermody-
namic properties, the demand for more accurate predic-
tions of the volumetric behavior of the coexisting phases in
VLE calculations has prompted the present investigation
into the possibility that a new simple equation might exist
which would give better results than the SRK equation. In
this paper, an equation is presented which gives improved
liquid density values as well as accurate vapor pressures
and equilibrium ratios.


Formulation of the Equation
Semiempirical equations of state generally express pres-


sure as the sum of two terms, a repulsion pressure Pr and
an attraction pressure Pa as follows


P = Pr + Pa (1)


The equations of van der Waals (1873), Redlich and Kwong
(1949), and Soave (1972) are examples and all have the re-


pulsion pressure expressed by the van der Waals hard
sphere equation, that is


Pr =
RT


  — b
(2)


The attraction pressure can be expressed as


Pa = -


a


g(v)
(3)


where g(u) is a function of the molar volume   and the con-
stant b which is related to the size of the hard spheres. The
parameter a can be regarded as a measure of the intermo-
lecular attraction force. Applying eq 1 at the critical point
where the first and second derivatives of pressure with re-


spect to volume vanish one can obtain expressions for a
and b at the critical point in terms of the critical proper-
ties. While b is usually treated as temperature indepen-
dent, a is constant only in van der Waals equation. For the
RK equation and the SRK equation, dimensionless scaling
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Figure 1. Comparison of predicted molar volumes for saturated
n-butane.


factors are used to describe the temperature dependence of
the energy parameter.


A study of the semiempirical equations having the form
of eq 1 indicates that by choosing a suitable function for
g(u), the predicted critical compressibility factor can be
made to approach a more realistic value. The applicability
of the equation at very high pressures is affected by the
magnitude of b/vc where i>c is the predicted critical volume.
Furthermore, by comparing the original RK equation and
the SRK equation, it is evident that treating the dimen-
sionless scaling factor for the energy parameter as a func-
tion of acentric factor in addition to reduced temperature
has significantly improved the prediction of vapor pres-
sures for pure substances and consequently the equilibrium
ratios for mixtures.


We propose an equation of the form


p _


RT a(T)
  — b  (  + b) + b(u — b)


Equation 4 can be rewritten as


(4)


Z3 - (1 - 5)Z2 + (A - 352 - 2B)Z - (A5 - 52 - 53) = 0
(5)


where


A=^_
R2T2


hP
RT


(6)


(7)


(8)


At temperatures other than the critical, we let


a(T) = a{Tc) · a(Tr,  ) (12)


b(T) = b(Tc) (13)


where a(Tr,  ) is a dimensionless function of reduced tem-
perature and acentric factor and equals unity at the critical
temperature. Equation 12 was also used by Soave (1972)
for his modified RK equation.


Applying the thermodynamic relationship


(14)


to eq 4, the following expression for the fugacity of a pure
component can be derived


1 - In (Z - 6) -


2V25
In


/Z + 2,4145 \


\Z - 0.4145/ (15)


The functional form of  (  ,  ) was determined by using
the literature vapor pressure values (Reamer et al., 1942;
Rossini et al., 1953; Reamer and Sage, 1957; Starling, 1973)
and Newton’s method to search for the values of a to be
used in eq 5 and 15 such that the equilibrium condition


/L = fv (16)


is satisfied along the vapor pressure curve. With a conver-


gence criterion of |/L — /v| < 10~4 kPa about two to four it-
erations were required to obtain a value for a at each tem-
perature.


For all substances examined the relationship between a


and Tr can be linearized by the following equation
a112 = 1 + k(1 - TrV2) (17)


where   is a constant characteristic of each substance. As
shown in Figure 2, these constants have been correlated
against the acentric factors. The resulting equation is


  = 0.37464 + 1.54226  - 0.26992 2 (18)


It is interesting to note that eq 17 is similar to that ob-
tained by Soave (1972) for the SRK equation although eq
17 is arrived at for each substance using vapor pressure
data from the normal boiling point to the critical point
whereas Soave used only the critical point and the calculat-
ed vapor pressure at Tv = 0.7 based on the value of acentric
factor.


The fugacity coefficient of component k in a mixture can


be calculated from the following equation


In = — (Z — 1) — In (Z — 5)--^=-xkPb 2V25
/2 ,· ,· ¡k


_


bk\ /Z + 2.4145X
V o b /


  \Z - 0.4145/
Z + 2.41451


(19)


The mixture parameters used in eq 5 and 19 are defined by
the mixing rules


Equation 5 yields one or three roots depending upon the
number of phases in the system. In the two-phase region,
the largest root is for the compressibility factor of the
vapor while the smallest positive root corresponds to that
of the liquid.


Applying eq 4 at the critical point we have


R2T 2


a(Tc) =


0.45724—^2- (9)


b(Tc) = 0.07780 ~~ (10)


Zc = 0.307 (11)


a = í_1>..x;a (20)
' j


b = I>A (2D


where


ai, = (1-¿¿>;1/V/2 (22)


In eq 22 6,y is an empirically determined binary interac-
tion coefficient characterizing the binary formed by com-


ponent i and component j. Equation 22 has been used pre-
viously by Zudkevitch and Joffe (1970) for their modified
RK equation in calculating vapor-liquid equilibrium ratios.
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Table I. Comparison of Vapor Pressure Predictions


Absolute error, psia Relative error, %


No. of AAO
Sub- data--


BIAS RMS AAD BIAS RMS


stance points SRK Eq 4 SRK Eq 4 SRK


c, 28 3.08 1.82 2.82 1.72 4.31
c2 27 1.12 0.58 0.87 —0.58 1.38
C3 31 2.68 1.09 2.66 1.06 3.37
|-C4 27 1.83 0.54 1.78 0.50 2.33
n-C4 28 1.45 0.50 1.38 0.03 2.05
i-Cs 15 0.64 0.95 0.22 -0.95 0.86
n-C, 30 1.65 0.69 1.56 0.28 2.26
n-C6 29 2.86 1.69 2.81 1.53 3.97
n-C, 18 2.29 1.34 2.29 1.30 3.24
n-C8 16 2.61 1.55 2.61 1.54 3.30
N, 17 0.74 0.38 0.60 -0.10 1.07
C02 30 2.77 1.95 2.73 -0.82 3.87
h2s 30 1.68 1.18 1.57 —0.53 2.52


Figure 2. Relationship between characterization constants and ac-
entric factors.


In this study 5,; ’s were determined using experimental bi-
nary VLB data. The value of obtained for each binary
was the one that gave a minimum deviation in the predict-
ed bubble point pressures. The importance of the interac-
tion coefficient is illustrated in Figure 3 for the binary sys-
tem isobutane-carbon dioxide (Besserer and Robinson,
1973). It can be seen that the use of an interaction coeffi-
cient has greatly improved the predictions.


The enthalpy departure of a fluid which follows eq 4 is
given by


Eq 4 SRK Eq 4 SRK Eq 4 SRK Eq 4


2.83 1.44 0.66 0.47 0.38 1.57 0.77
0.65 0.70 0.34 -0.10 —0.34 0.95 0.38
1.47 0.98 0.36 0.87 0.31 1.10 0.42
0.71 1.06 0.32 0.82 0.16 1.18 0.34
0.62 0.75 0.37 0.47 -0.22 0.86 0.42
1.48 0.46 0.54 0.17 —0.53 0.49 0.60
0.95 0.92 0.58 0.50 -0.29 1.02 0.66
2.65 1.55 0.90 1.31 0.37 1.75 1.06
2.02 1.51 0.79 1.48 0.63 1.88 1.04
2.08 1.99 1.04 1.97 1.02 2.24 1.26
0.48 0.56 0.31 0.00 -0.02 0.75 0.37
2.44 0.53 0.62 0.50 —0.49 0.63 0.71
1.42 0.66 0.96 0.34 0.42 1.00 1.48


Figure 3. Pressure-equilibrium phase composition diagram for
isobutane-carbon dioxide system.


da
T—~ — a


dT Z + 2.44B \
  - H* = RT(Z - 1) +-7=—In -- (23)2V2b \Z - 0.414B/


This is obtained by substituting eq 4 into the thermody-
namic equation


H-H* =RT(Z- 1) + ^ | T(S) ~P]du (24)


Comparisons
Since two-constant equations of state have their own


purposes we do not compare the equation obtained in this
study with the more complicated BWR (Benedict et al.,
1940) or BWRS equations although in some circumstances
these may give more accurate predictions at the expense of
more computer time and computer storage space. The fol-
lowing comparisons are intended to show that in regions
where engineering calculations are most frequently encoun-


tered better results can usually be obtained with the equa-
tion presented in this study than with the SRK equation.
The symbols AAD, BIAS, and RMS are used to denote re-


spectively the average absolute deviation, the bias, and the


root-mean-square deviation
N
  |d,-I


AAD = (25)


N
  di


BIAS = (26)N
N
  d,-2


RMS = —- (27)N
where the d¿ are the errors (either absolute or relative) and
N is the number of data points.


Pure Substances
Vapor Pressures. Both the SRK equation and eq 4 are


designed with a view to reproduce accurately the vapor
pressures of pure nonpolar substances. Nevertheless eq 4
gives better agreement between calculated vapor pressures
and published experimental values. A comparison of the
predictions is presented in Table I for ten paraffins and
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Table II. Comparison of Enthalpy Departure Predictions


Error, BTU/lb
7'01 m „ AAD BIAS RMSdata Temperature Pressure--- -


Substance points Reference range, °F range, psia SRK Eq 4 SRK Eq 4 SRK Eq 4


Nitrogen 48 (Mage, 1963) —250-50 200-2000 0.57 1.13 0.24 -0.58 0.80 1.25
Methane 35 (Jones, 1963) -250-50 250-2000 2.58 1.97 -1.13 -0.78 3.58 2.52
n-Pentane 160 (Lenoir, 1970) 75-700 200-1400 1.43 1.18 0.78 0.25 1.82 1.61
n-Octane 70 (Lenoir, 1970) 75-600 200-1400 2.47 2.43 2.18 2.36 3.36 3.16
Cyclohexane 113 (Lenoir, 1971) 300-680 200-1400 2.83 2.48 2.16 1.75 3.60 3.26


Table III. Compressibility Factor of the n-Butane—Carbon Dioxide System (Data by Olds et al., 1949)
Mole fraction n-Butane


Temp, Pressure,
0.9 0.5 0.1


°F psia SRK Eq 4 Expt SRK Eq 4 Expt SRK Eq 4 Expt
100 600 0.170 0.151 0.158 — 0.743 0.722 0.740


1000 0.279 0.248 0.260 0.242 0.215 0.218 —


2000 0.542 0.482 0.510 0.452 0.404 0.418 0.374 0.339 0.325
3000 0.793 0.707 0.753 0.649 0.580 0.610 0.505 0.455 0.454
4000 1.037 0.926 0.989 0.838 0.750 0.794 0.631 0.568 0.580


280 600 0.804 0.782 0.798 0.924 0.908 0.918
1000 0.320 0.289 0.274 0.665 0.638 0.644 0.876 0.852 0.862
2000 0.536 0.482 0.489 0.584 0.545 0.525 0.786 0.750 0.744
3000 0.740 0.665 0.694 0.702 0.645 0.642 0.766 0.722 0.699
4000 0.934 0.840 0.888 0.838 0.765 0.782 0.801 0.749 0.727


460 600 0.830 0.804 0.818 0.928 0.910 0.920 0.976 0.965 0.968
1000 0.730 0.696 0.694 0.889 0.862 0.870 0.964 0.946 0.948
2000 0.690 0.643 0.627 0.843 0.803 0.796 0.947 0.915 0.912
3000 0.808 0.744 0.746 0.871 0.822 0.806 0.949 0.908 0.898
4000 0.950 0.869 0.895 0.942 0.881 0.877 0.969 0.921 0.906


three commonly encountered nonhydrocarbons. It can be
seen that the absolute errors are greatly reduced using eq 4
for all substances except isopentane. The slightly larger
overall relative errors shown for carbon dioxide and hydro-
gen sulfide resulted from the higher percentage errors at
the lower pressure regions. The consistently larger devia-
tion shown by eq 4 for isopentane could be due to errors in
the experimental results in the high-temperature region
where differences between the predicted and experimental
values as large as 4 psi (equivalent to 1%) occurred.


Densities. Generally, saturated liquid density values cal-
culated from the SRK equation are lower than literature
values. This is true except for small molecules like nitrogen
and methane at very low temperatures where the predicted
values are slightly higher. Equation 4 predicts saturated
liquid densities which are higher at low temperatures and
lower at high temperatures than the experimental values.
As an example, the prediction for n-butane is presented in
Figure 1. The fact that eq 4 gives a universal critical com-


pressibility factor of 0.307 as compared with SRK’s 0.333
has improved the predictions in the critical region.


The specific volumes of saturated vapors have also been
compared. The results for n-butane are included in Figure
1. It can be seen that both equations yield acceptable
values except that in the critical region better results have
been obtained with eq 4. The improvement is more evident
for large molecules although both equations work well for
small molecules.


Enthalpy Departures. Experimental values of enthalpy
departures for five pure substances have been used to com-


pare with the values calculated from the SRK equation and
from eq 4. The results are presented in Table II. It is fair to
say that both equations generate enthalpy values of about
the same reliability.


Mixtures


PVT Calculations. In order to illustrate the usefulness
of eq 4 for predicting the volumetric behavior of binary
mixtures in the single phase region, the n -butane-carbon
dioxide system studied by Olds and co-workers (1949) was


selected for comparison. For the SRK equation and eq 4
the interaction coefficients for this binary were 0.135 and
0.130, respectively. The compressibility factors at three
temperatures and five pressures for three compositions are


presented in Table III. The improvement resulting from eq
4 is evident.


VLE Calculations. One of the advantages of using sim-
ple two-constant equations of state is the relative simplici-
ty with which they may be used to perform VLE calcula-
tions. Multi-constant equations of state, for example the
BWRS equation, require the use of iteration procedures to
solve for the densities of the coexisting phases while simple
equations like the SRK equation and eq 4 can be reduced
to cubic equations similar to eq 5 and the roots can be ob-
tained analytically.


Vapor-liquid equilibrium conditions for a number of
paraffin-paraffin binaries were predicted using eq 4. It was


found that the optimum binary interaction coefficients
were negligibly small for components with moderate differ-
ences in molecular size. However, systems involving compo-
nents having relatively large differences in molecular size
required the use of a nontrivial interaction coefficient in
order to get good agreement between predicted and experi-
mental bubble point pressures.


As an example of the use of eq 4 to predict the phase be-
havior of a ternary paraffin hydrocarbon system, the data
of Wichterle and Kobayashi (1972) on the methane-eth-
ane-propane system were compared to predicted values. As


62 Ind. Eng. Chem., Fundam., Vol. 15, No. 1, 1976







<


s
2


=>


2


Figure 4. Comparison of equilibrium ratios for methane-ethane-
propane system at —75°F. Figure 5. Comparison of equilibrium ratios for Yarborough mix-


ture no. 8 at 200°F.


indicated in Figure 4, agreement was excellent. No interac-
tion coefficients were used.


In a previous study (Peng et al., 1974), the binary inter-
action coefficients required for use with the SRK equation
were determined and used to predict the phase and volu-
metric behavior of selected systems used in a study by Yar-
borough (1972). Good agreement was obtained between the
predicted equilibrium ratios and the experimental values.
In this study these systems have been tested using eq 4 and
good results have also been obtained. The equilibrium ra-


tios for a mixture containing only paraffins are shown in
Figure 5. The volumetric behavior of this mixture is pre-
sented in Figure 6. Although both the SRK equation and
eq 4 generate reliable equilibrium ratios, the new equation
predicts much more accurate volumetric behavior. A paper
concerning the binary interaction coefficients required for
use in eq 4 for systems involving nonhydrocarbons is cur-


rently in preparation.


Conclusions


By modifying the attraction pressure term of the semi-
empirical van der Waals equation a new equation of state
has been obtained. This equation can be used to accurately
predict the vapor pressures of pure substances and equilib-
rium ratios of mixtures.


While the new equation offers the same simplicity as the
SRK equation and although both equations predict vapor
densities and enthalpy values with reasonable accuracy,
more accurate liquid density values can be obtained with
the new equation. In regions where engineering calculations
are frequently required the new equation gives better
agreement between predictions and experimental PVT
data.


Since two-constant equations have their inherent limita-
tions, and the equation obtained in this study is no excep-
tion, the justification for the new equation is the compro-
mise of its simplicity and accuracy.


Figure 6. Volumetric behavior of Yarborough mixture no. 8 at
200°F.
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Nomenclature
A = constant defined by eq 6
a = attraction parameter
B = constant defined by eq 7


Ind. Eng. Chem., Fundam., Vol. 15, No. 1, 1976 63







b = van der Waals covolume
f = fugacity
  = enthalpy
P = pressure
R = gas constant
T = absolute temperature
  = molar volume
x = mole fraction
Z = compressibility factor
Greek Letters
a = scaling factor defined by eq 12
8 = interaction coefficient
  = characteristic constant in eq 17
  = acentric factor


Superscripts
L = liquid phase
V = vapor phase
* = ideal gas state


Subscripts
A = attraction
c = critical property
R = repulsion
r = reduced property
i, j, k = component identifications
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Creation and Survival of Secondary Crystal Nuclei. The Potassium
Sulfate-Water System
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Formation of secondary nuclei of K2S04 was observed in a continuous flow, mixed-magma crystallizer by
counting particles in the crystal effluent with a Coulter Counter. Spontaneous birth of secondary nuclei occurs
over at least the 1-5 pm size range. Only a fraction of originally formed nuclei survive to populate the larger
size ranges. The fraction of such surviving nuclei increases with the supersaturation level in the growing envi-
ronment. The number of originally formed nuclei depends on stirrer RPM, supersaturation, and the fourth mo-
ment of the parent crystal size distribution.


Introduction
In the past several years there has been an increasing


recognition of the importance of secondary nucleation as


grain source in typical crystallizers of the mixed-magma
type. The so-called MSMPR crystallizer with its simple
distribution form (Randolph and Larson, 1971) provided a


means of quantitatively measuring the effective nucleation
rate under realistic mixed-magma conditions. This led to
the correlation of such nucleation data in simple power-law
forms of the type


B° = &n(T, RPMWt-'s1 (Class I System) (la)
or


B° = fcN(T, RPM)MtjG‘ (Class II System) (lb)


The dependence of these kinetics on agitation level and sol-
ids concentration together with a low-order supersatura-
tion dependence confirm a secondary mechanism which is
at variance with homogeneous nucleation theory.


Clontz and McCabe (1971) conducted a now-classical ex-


periment in which they demonstrated that nuclei could be
generated in a slightly supersaturated solution by low ener-


gy metal/crystal or crystal/crystal contacts. No visible
damage to the contacting crystals could be determined
even after continued secondary nuclei breeding in the ex-


periment. Ottens and de Jong (1973) and Bennett et al.
(1973) take the contact nucleation mechanisms detailed by
McCabe and hueristically derive the form of power-law ki-
netics to be expected in a mixed-magma crystallizer. These
formulations were supported with additional MSMPR
data.
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